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The possibilities of oxygen moment formation and canting in the quasi- ID cuprate Li2Cu02 
are investigated using single crystal neutron diffraction at 2 K. The observed magnetic intensities 
could not be explained without the inclusion of a large ordered oxygen moment of 0.11(1) \ib- 
Least-squares refinement of the magnetic structure of Li2Cu02 in combination with a spin-density 
Patterson analysis shows that the magnetization densities of the Cu and O atoms are highly aspher- 
ical, forming quasi- ID ribbons of localised Cu and O moments. Magnetic structure refinements and 
low- field magnetization measurements both suggest that the magnetic structure of Li 2 Cu02 at 2 K 
may be canted. A possible model for the canted configuration is proposed. 



PACS numbers: 61.12.-q, 75.25,+z, 75.30.-m, 75.40.Cx 



I. INTRODUCTION 

Quasi-one-dimensional cuprates such as Li2Cu02 ex- 
hibit a wide range of interesting electronic and magnetic 
properties. As Li2CuC>2 possesses ID chains of S=^ cop- 
per atoms it serves as a useful model system for studies 
of low dimensional behavior and quantum fluctuations 
in the spin | quantum chain. Also embedded within 
the chemical structure of Li2Cu02 are sets of parallel 
Cu-02 ribbons (figure 0), similar to those found in the 
spin-Peierls compound CuGeOs and chain-ladder sys- 
tem Lai4_ x CaxCu2404i. Li2Cu02 therefore also fre- 
quently serves as a model system for investigation of 
the electronic structure and correlations of the CU-O2 
ribbon 1 ! 2 ! 3 ! 4 ! 5 . 

The Cu-0 networks of Li 2 Cu0 2 , CuGe0 3 , high-T c 
materials and many other cuprates can be thought of as 
being constructed from the same basic building block; a 
CUO4 plaquette. In high-Tc compounds, the plaquettes 
are corner sharing forming 2D planes, whilst in Li2Cu02 
and CuGe03 they are edge-sharing, forming Cu-0 rib- 
bons. The magnetic properties of cuprates are known 
to be crucially dependent upon the Cu-O-Cu bond an- 
gle linking nearest neighboring Cu atoms. When this 
angle approaches 90° the strength of the superexchange 
interaction diminishes and a change in magnetic ordering 
from antiferromagnetic (AFM) to ferromagnetic (FM) 
occurs&^. In the context of other cuprates L12CUO2 is 
unusually placed since it possesses a Cu-O-Cu exchange 
pathway of 94°. This angle is close to the crossover region 
between AFM and FM ordering and frustration effects 
resulting from competing interactions are anticipated. 

Local spin-density approximation (LSD A) 1,4 and 
quantum chemical 5 - calculations have recently suggested 
that the oxygen ions may play a more novel and fun- 
damental role in the magnetism of Li2Cu02 than previ- 
ously thought. The LSD A calculations suggest an or- 
dered magnetic moment of 0.92 hb per formula unit, 
40% of which is predicted to be associated with the 'non- 
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FIG. 1: Chemical structure of Li2Cu02 showing the Cu02 
ribbons created along b by an edge-sharing arrangement of 
Cu04 plaquettes. 



magnetic' oxygen sitesA. Although covalency effects (e.g. 
in K2lrCl6 9 ) are not unknown, a moment as large as 
0.2 hb associated with each of the oxygen sites would 
be unprecedented. A more conservative estimate of the 
oxygen moment is provided by quantum chemical tech- 
niques, however, these values vary dramatically (from 
0.03 to 0.17 lis) depending upon which approximations 
have been employed to treat the electronic correlations. 

Previous studies on polycrystalline Li2Cu02 include 
the determination of the crystal structure via X-rays 10 , 
and the observation of an antiferromagnetic ordering 
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temperature of Tn — 9 KiAii 2 ^. Early neutron diffrac- 
tion investigations performed on powder samples at 1.5 
K suggested a collinear arrangement of moments cou- 
pled ferromagnetically within the a- b plane, and antifer- 
romagnetically in the c-directionA4*Ai A magnetic mo- 
ment of 0.96(4) hb was estimated and attributed solely 
to the magnetic Cu 2+ ions 15 . Electron paramagnetic 
resonance and antiferromagnetic resonance experiments 
showed that the easy axis for the spins lies along the 
a-directionii. 

More recently, single-crystal muon spectroscopy and 
powder susceptibility measurements have indicated that 
in weak fields the magnetic structure of Li 2 Cu02 below 
2.6 K may be canted away from the a-axisiSiii. The 
temperature dependence of the internal fields probed by 
/iSR also suggests that there may be magnetic moments 
on both the Cu and the O ionsAfi. 

An excellent test of the reported magnetic structure, 
and of the validity of Li2Cu02 LSDA predictions, can be 
found through measurement of the magnetic moment as- 
sociated with each atom of Li2Cu02 using single-crystal 
neutron diffraction. By this method it is possible to sur- 
vey efficiently several hundred magnetic and nuclear re- 
flections over a large volume of reciprocal space, enabling 
the magnetic structure of Li2Cu02 to be determined with 
good statistical accuracy. 

In this paper, the growth and characterization of 
Li2Cu02 single crystals, and experimental details of our 
neutron-scattering measurements are first described. In 
section III the Li2Cu02 magnetic form factor and spin- 
density Patterson functions are introduced. Patterson 
analysis of our observed Li2Cu02 magnetic diffraction 
pattern reveals the existence of a large moment asso- 
ciated with the oxygen sites. Section IV contains the 
results of least-squares refinement of the magnetic struc- 
ture of Li2Cu02 with respect to various magnetic mod- 
els. Despite complications introduced by a possible slight 
canting of the Cu and O moments, all models consis- 
tently estimate that the magnitude of the oxygen mo- 
ment lies between 0.10 \±b and 0.12 \±b- Lastly, our mag- 
netic model of Li2Cu02 is refined further to include the 
possibility of canting. Section V contains an additional 
investigation of the canted phase, performed using heat 
capacity and single-crystal magnetization measurements. 



II. EXPERIMENTAL DETAILS 

Single crystals of Li2Cu02 were grown from phase-pure 
polycrystalline Li2CuC>2^ using a four-ellipsoid floating- 
zone furnace at a rate of 3-6 mm/h in 1.3 atm of flowing 
oxygen. The resulting crystalline boules were faceted and 
possessed a pronounced tendency to cleave along parallel 
(101) planes. 

Room-temperature powder X-ray diffraction patterns 
obtained for finely-crushed portions of our Li2Cu02 
single-crystals showed that the samples were of high 
purity. All peaks were indexed in the orthorhombic 



space group Immm and our single crystals exhibited all 
of the expected bulk magnetic properties (susceptibility 
and heat capacity) associated with the onset of three- 
dimensional antiferromagnetic order at T/v = 9 ± 0.1 K 
(figure discussed in section V). 

Neutron diffraction measurements were performed at 
the high-flux reactor at the Institut Laue Langevin (ILL), 
Grenoble, using the D10 diffractometer in its four-circle 
configuration with an offset Eulerian cradle, He-flow 
cryostat and position-sensitive 80 x 80 mm 2 area detec- 
tor. The 40 mg single crystal platelet of Li2Cu02 had 
(101) flat faces of area 3x4 mm 2 spaced 0.3 mm apart. 
The positions and intensities of all accessible nuclear and 
magnetic reflections with k > were scanned at 2 K using 
a constant neutron wavelength of 1.257(5) A to give up 
to four symmetry equivalents for each unique reflection. 

Background subtraction and peak integration were 
performed using the "minimum in cr(I)/I method"— 
where statistically optimum results are obtained in the 
integration of weaker magnetic reflections by using three- 
dimensional profiles estimated from stronger neighboring 
reflections. The data were corrected for absorption 20 us- 
ing an calculated absorption coefficient of 0.2114 mm -1 . 
The transmission factors ranged from 41.7% to 87.7% de- 
pending on orientation. Examination of the intensities of 
the stronger nuclear reflections suggested that measure- 
ments of the nuclear peaks had suffered significantly from 
extinction. The extinction could be accounted for rea- 
sonably well in the structure refinements using a Becker 
and Coppens type I Lorentzian model21, with a crystal 
mosaicity of 0.03(2)°. 

III. THE MAGNETIC FORM FACTOR 

Below Tn, magnetic peaks develop at h+k+l= 2n+l 
(indexed on the basis of the nuclear unit-cell), due to the 
antiferromagnetic ordering of Cu moments positioned at 
(0,0,0) and (|,|,|). Assuming that all of the magnetic 
scattering arises from the Cu atoms the magnetic inten- 
sity can be described by, 

7 M (Q) oc T 2 |G(Q)/ m (Q)(l - e- 2 -(t+t+i))| 2 (1) 

'T' is a temperature factor, whose variation with Q at 
2 K can be ignored, and / m (Q) is the atomic magnetic 
form factor of the Cu site. Assuming that the moments 
are oriented along the a-axis the geometrical orientation 
factor, G(Q), for this orthorhombic cell is given by, 



G(Q) = 




thus, apart from some constant scale factors the magnetic 
form factor can be extracted using, 

fm(Q) CX y/l M (Q)/\G(Q)\* (3) 
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FIG. 2: The magnetic form-factor of Li2Cu02 (markers), cal- 
culated from the observed data by assuming a model of a-axis 
Cu moments. The lines depict the < jo >■> < 32 > and < j\ > 
radial integrals for the free Cu 2+ ion 22 (scaled). 



The magnetic form factor of Li2Cu02, calculated from 
the measured intensities by assuming that magnetic scat- 
tering arises exclusively from a-axis Cu moments is plot- 
ted in figure It can be seen that our measurements 
deviate radically from the < jo > radial integral for 
the free Cu 2+ ion 22 . This is to be expected because of 
the effects of crystalline anisotropy on the magnetization 
density close to the Cu sites. A further departure from 
spherical symmetry may also arise due to the presence of 
a magnetic moment elsewhere in the unit cell, such as on 
the oxygen sites. 

It should be noted that if a large oxygen moment exists, 
or the spins in Li 2 Cu02 are significantly canted, the ex- 
pression for G(Q) (provided in equation 2) will no longer 
represent a good approximation for the geometrical ori- 
entation factor. In this situation, the values estimated 
for f m (Q) (using equation 3) could differ considerably 
from those plotted. 



Unfortunately, analysis of our neutron diffraction data 
by this method is hindered by the lack of phase informa- 
tion. Since unambiguous knowledge of the phase of each 
of the reflections was unavailable a magnetic Patterson 
approach was adoptedSiSiSL. Unlike maximum entropy 
methods, Patterson analysis requires no phase informa- 
tion, or prior knowledge of the positions or the directions 
of the moments. The spin-density Patterson approach 
treats the magnetic structure as being completely un- 
known. 

The Patterson function was first introduced in 1934, 
and has become an invaluable tool for the determination 
of unknown crystal structures principally via X-rays. The 
non-magnetic Patterson function represents the autocor- 
relation function of the electron density in the unit cell, 
and is defined as the Fourier transform of the squared 
nuclear structure factor, 

P,v(u)=F.T.[|^(Q)| 2 ] (5) 

Pat(u) =p n (r) ®pn(-r) (6) 

The nuclear Patterson function, P/v(u), provides a 
map of the vectors between pairs of atoms in the unit 
cell. (i.e. in a unit cell containing n atoms, each atom 
will form a pair with all atoms, including itself, producing 
n 2 Patterson peaks). 

The relationship between the magnetic Patterson func- 
tion and the unpaired spin-density is not as trivial as the 
situation described for the nuclear Patterson function. 
The dipolar nature of the electron-neutron interaction 
means that the intensity of magnetic scattering is gov- 
erned by the relative orientation of the spins and the 
scattering vector (Q). In terms of Fm(Q) neutrons are 
scattered by the sample with an intensity given by 26 , 

/m(Q)«|f m (Q)I 2 -|Q.f m (Q)I 2 (7) 

Where Q represents a unit vector in the direction of 
Q. Calculation of the spin-density Patterson map by 
Fourier transformation of the measured magnetic inten- 
sities (equation |SJ) generates a plot of the pair-correlation 
function between magnetic scatterers, equation 

P M (u) oc F.T.[|F m (Q)| 2 ] - F.T.[|Q.F M (Q)| 2 ] (8) 



A. The Spin-density Patterson Function 

In principle, the three-dimensional real-space magne- 
tization density of the crystal may be obtained directly 
through Fourier transformation (F.T.) of the complete 
magnetic structure factor, Fm(Q)- The full magnetic 
structure factor is a vector quantity that carries infor- 
mation about the magnitude and the direction of the 
spin-density at every point in the unit cell. 

p m (r)=F.T.[F M (Q)] (4) 



3 3 

P M (u) = ^^(p,(r)0 Pj (-r)) (9) 

i=i j=i 

3 3 

-EE F/1 M4:0,] ® (Pi(r) Pj(-r)) 

i=l j=l 

The three spatial components of spin density of the i'th 
and j'th atoms have been written as summations over pi 
and pj. QiQj describes the product of the magnitudes of 
the i'th and j'th components of the unit vector Q. The 
symbol denotes a convolution. 
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FIG. 3: (a) The magnetic Patterson section generated from 
the observed data (\FM(hkl)\ 2 ), viewed as a (~ b c) slice 
through the Li2Cu02 unit cell. Note that significant magnetic 
intensity is associated with inter-atomic vectors between cop- 
per and oxygen sites. This confirms the presence of unpaired 
spins on the oxygen sites, see equation Filled, dotted and 
dashed lines represent positive, zero and negative contours 
respectively. Contours extend from -5 to 50 in 2.5 steps, (b) 
The corresponding positions of the atoms in the Li 2 Cu02 unit 
cell. 



The second term in equation EH probes the directions 
of the moments, causing the Patterson peaks to become 
elongated along the direction parallel to the vector bi- 
sector between spins. Full details of this theory, and 
references relating the uses of the Patterson function in 
magnetism can be found in the references 23,24,25 . 



/ Scul&Cul Scul&Cu2 ••• Scul-So4 \ 
p _ Scu2-Sc7ul Scu2-Sc7u2 - 

\ So4-Sc7ul ••• ••• So4-So4 / 

In interpreting the spin-density Patterson function it 
should be remembered that the positions of the peaks 
correspond to the interatomic vectors between scatterers 
rather than the positions of the scatterers themselves. 
A large origin peak containing overlapping contributions 
from n diagonal matrix elements, (S n .S n ), occurs due to 
the convolution of each magnetic site with itself. With 
a knowledge of the chemical structure, it is possible to 
relate the stronger peaks, dominated by Scu-Scu terms, 
to interatomic vectors between the centrosymmetric posi- 
tions of the Cu sites. Since there are only two Cu atoms 
per unit cell (related by body centering), any peaks in 
addition to those at (0,0,0) and must represent 

additional interatomic vectors between Cu sites and other 
magnetic scatterers. 

In the observed Patterson map (figures |3| and 0} addi- 
tional peaks are observed at positions that do not corre- 
spond to inter-atomic Cu vectors. Comparison with the 
positions of the atoms in the unit cell shows that a consid- 
erable number of the magnetic scatterers are closely asso- 
ciated with the crystallographic positions of the oxygen 
atoms. (These peaks are dominated by Scn-So terms). 
Asymmetry in the magnetic Patterson peaks in the im- 
mediate vicinity of the O sites (as viewed along the a- 
axis) is in good agreement with the exchange potential 
(V\ — Vi) predicted for the ferromagnetic Cu-0 chain by 
LSDA calculations 1 . 

A three-dimensional Patterson plot of the observed 
data is provided in figure 01 A reversal in sign between 
CuC>4 units positioned at (0,0,0) and (|,|,|) is observed. 
Elongation of the peaks along the a-direction is consis- 
tent with the direction of the bisector of the spins being 
parallel to the a-axis, which does not exclude the possi- 
bility of canting. 



B. Li2Cu02 Spin-density Patterson Analysis 

For the purposes of Patterson analysis, the Li2Cu02 
magnetic data set of 409 observations was reduced to a 
complete set of 111 averaged unique reflections. Includ- 
ing the possibility of magnetic oxygen sites there are n=6 
magnetic atoms per chemical unit cell producing n 2 = 36 
Patterson peaks. The heights of the 36 peaks may be rep- 
resented by a symmetric matrix P. Each matrix element 
corresponds to the scalar product of pairs of spins at sites 
i and j. 



IV. LEAST-SQUARES REFINEMENT 

Although Patterson analysis has proved useful for lo- 
cating the distribution of spin-density in the Li 2 Cu02 
unit cell, an estimate has not so far been obtained for 
the magnitudes and directions of the spins. A quanti- 
tative estimation of the magnitude of the moments in 
Li2Cu02 can be gained through least-squares refinement 
of the magnetic data set with respect to an appropriate 
magnetic model (or models). 

Before refining the magnetic structure of Li2Cu02 the 
nuclear structure was verified using the CCSL program 
SFLSQ 27 . The nuclear data set consisted of 445 reflec- 
tions (h+k+l=2n) measured at 2 K. The atomic posi- 
tions and thermal parameters resulting from refinement 



5 




FIG. 4: Three-dimensional Patterson map superimposed 
upon the Li2CuC>2 unit cell. Contours at (0,0,0) and (^,|,|) 
are fixed at values of +45 and -45 respectively, (illustrating 
the reversal in sign between spins at (0,0,0) and (f ,^,|)). 



of the data are provided in Table HJ Unit cell parame- 
ters at 2 K were refined to be a=3.661(4), 6=2.866(7), 
and c=9. 397(8) A. The high value of x 2 =17.9 is likely to 
be due to extinction effects that have not been perfectly 
corrected by the Becker- Coppens procedure. 

TABLE I: Li2Cu02 atomic positions and thermal param- 
eters measured at 2 K, obtained through the refinement 
of 9 basic variables, x 2 =17.9, i?(F)=2.15. (R(F) = 

E\ F °~ F c\/E\ F °\ ^d x 2 = ^E^(^o-^c), where 
n is the number of points, p the number of parameters and w 
the weighting.) Thermal parameters, (assumed to be isotropic 
for Li and Cu, and anisotropic for O,) correspond to the ex- 
pression exp[-(/i 2 /3n + k 2 /322 + l 2 p33)}- 



Atom 


X 


Y 


z 


Thermal parameters 


Li 








0.7132(2) 


pu = f3 2 2 = #33 = 0.326(20) 


Cu 











P u = 022 = #33 = 0.095(10) 










0u = 0.279(14) 


O 


0.5 





0.6421(5) 


p 22 = 0.161(16) 










033 = 0.229(15) 



Refinement of the magnetic structure of Li2Cu02 was 
performed using the CCSL programs MAGLSQ and MM- 



PLSQ. The atomic co-ordinates, thermal displacement 
parameters and overall scale factor were fixed to the val- 
ues found from refinement against the nuclear reflections 
(tabled . Calculated magnetic form factors were assumed 
for the copper— and oxygen22i2& sites. As preliminary 
refinements showed that extinction corrections for the 
magnetic peaks were negligible, the magnetic reflections 
could be grouped and averaged. 

For completeness, refinement of the magnetic structure 
of Li2Cu02 was first carried out by assuming a model 
based upon previous reports - an antiferromagnetic ar- 
rangement of a-axis Cu momenteiiii^ii^. Refinements 
based on this model (with spherical form-factors) esti- 
mated an a-axis Cu moment of 0.938 ± 0.024 \±b- This 
value is close to the 0.96 (1b estimated from powder neu- 
tron diffraction 15 . However, considering that there are 
no extinction effects associated with the magnetic reflec- 
tions, the model provides a poor fit to the data (x 2 = 45), 
see figure Eta). A number of model structures contain- 
ing canted copper moments were also investigated but 
none were found that enhanced the refinement. Tilting 
of the Cu moments away from the a-axis in itself was not 
sufficient to explain the observed magnetic intensities. 

A more satisfactory fit to the data (x 2 = 31) could be 
achieved through the inclusion of an ordered oxygen mo- 
ment, see figure EJb). Comparison of the Patterson map 
generated using this model with the observed Patterson 
map in figureEt a ) shows that the magnetization densities 
of the Cu and O sites are asymmetric in the b-c plane. 
This strongly indicates the importance of aspherical mul- 
tipolar contributions. 

Asymmetry in the magnetization densities of the Cu 
and O sites was modeled using linear combinations of 
spherical harmonics. The angular dependence of the 
magnetization density of the centro-symmetric Cu sites 
was modeled using an approximation of the form of Equa- 
tion [H] where the radial integrals < jo >, < 32 > and 
< J4 > (as shown in figure 2) are now modified to pos- 
sess an angular dependence expressed in terms of Bessel 
functions Y"[Z,ra]. The non-centrosymmetric O angular 
dependence was modeled using an approximation in the 
form of equation El The coefficients a^ m are fitted pa- 
rameters determined during the refinement. 

PCu = a ,o < jo > +«2,o < 32 > Y[2, 0] 

+ < h > Ko^[4, 0] + a 4j2+ Y [4, 2+]) 



PO = «o,o < jo > +ai,o < 3i > Yi 1 ^] n 2 ) 
+ < 32 >a 2 , 2 y[2,2+] 

Sequential introduction of aspherical form factors into 
our model, refined with MMPLSQ, was found to improve 
the fit remarkably. The Patterson section along the Cu- 
O chain, obtained using data calculated by assuming a 
model containing aspherical Cu and O form-factors, is 
depicted in figure Etc). Spherical harmonics that did not 
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(a) 




b 



FIG. 5: Magnetic Patterson sections taken through the Cu- 
ribbon, generated from least-squares refined model data. 
Figure |5J a) spherical a- axis Cu moments. Fig. |5Jb) spherical 
a-axis Cu and O moments. Fig. |5| (c) non-spherical a-axis 
Cu and O moments. For comparison, the observed Patterson 
map is provided in fig 01 



contribute significantly were omitted from the final re- 
finement. 

A summary of the results of analysis of the magnetic 
dataset using a variety of starting models is presented 
in table EJ Spherical harmonics introduced to model 
the magnetization densities of the Cu and O sites are 
indicated by the values of Y[l,m\. (For example, F[0,0] 
indicates that the magnetization density was assumed to 
be perfectly spherical.) The magnitude of the O moment, 
refined to be approximately 0.11 hb in size, remained 
stable throughout the refinements. These O moments 
are coupled to Cu moments between 0.91 \±b and 0.96 
Hb in size. 



TABLE II: Li2Cu02 magnetic structure refinements per- 
formed on a unique set of 111 reflections. Spherical harmonics 
introduced to model the magnetization densities of the Cu and 



sites are indicated by the values of Y[l, 


ra], (where 


/ and 


m denote electronic quantum numbers). 


is the angle 


away 


from c*; is the angle to a* 


in the a- b plane. 




MODEL 


Cu (fi B ) 


O (jjlb) 


x 2 


a-axis Cu 


0.938 


— 


44.9 


Cu: y[o,o] 


±0.024 






a-axis Cu & 0, 


0.911 


0.105 


30.7 


Cu, O: y[o,o] 


±0.021 


±0.012 




a-axis Cu & O 








Cu- yfn 01 Y\9 *1 Rr Y\A *1 

V_yU. I |U,UJ, I |Z, J 06 I [ft, J 


0.960 


0.100 


15.7 


O: y[o,o] 


±0.017 


±0.008 




a-axis Cu & O, 








Cu: y[o,o], y[2,*] & y[4,*] 


0.963 


0.105 


11.1 


O: y[o,o], y[i,o] & y[2,2+] 


± 0.014 


±0.007 




Canted (0, 0): 








Cu(76°,0°), 0(116° ,0°), 








Cu: y[o,o], y[2,*] & y[4,*] 


0.914 


0.116 


8.75 


0: y[o,o], y[i,o] & y[2,2+] 


±0.006 


±0.004 





A. Canting 

Although asphericity can be seen to play an important 
role in describing the magnetism of Li2Cu02, the high 
value of x 2 = ll-l indicates that further information can 
be extracted from the data. Difficulties encountered dur- 
ing refinement of the magnetic structure of Li2Cu02 may 
be explained by mounting evidence suggesting that below 
T = 2.6±0.2Kthe moments are slightly canted±£i±£. 
Other than the transition temperature, little is known 
about the nature of the canted phase, except that the 
canting angle is likely to be in excess of 0.7°—. 

In the present study we consider the possibility of 
an antiferromagnetic canted arrangement of moments. 
(In an antiferromagnetically canted arrangement the mo- 
ments are tilted so that the net magnetization in all di- 
rections remains zero, and no magnetic intensity is con- 
tributed to the positions of the nuclear peaks.) This re- 
striction seems reasonable considering the absence of a 
second transition in the temperature dependence of the 
(012) and (001) peaks, figure [He). To the best of our 
knowledge no evidence exists in support of a ferromag- 
netically canted arrangement of moments in zero-field. 
Canting of the moments towards the c-axis, with the oxy- 
gen moments tilted in the opposite direction to those of 
the copper, was found to provide the best overall im- 
provement to our refinements. 

A diagram of our proposed model is provided in fig- 
ure El Adjacent Cu and O moments are coupled ferro- 
magnetically in the a-direction with a small antiferro- 
magnetically coupled c-axis component. The magnitude 
and direction of the moments was varied until the lowest 
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FIG. 6: The antiferromagnetically canted structure found to 
be most consistent with the observed data. 



value of x 2 was obtained. (x 2 =8.75 with 111 averaged 
reflections and x 2 =6.65 with the full set of 232 reflec- 
tions.) The resulting model consisted of 0.91 \±b Cu mo- 
ments canted in the a-c plane at an angle of 6=76° to 
the c-axis. Oxygen moments approximately 0.12 \±b in 
size are counter-canted in the a-c plane at an angle of 
0=116°. Although this result suggests that the magnetic 
structure of Li2Cu02 is canted, it should be remembered 
that a small reduction in x 2 might also be expected as a 
side-effect of increasing the number of fitting parameters. 

The ordered a-axis moment per formula unit was 1.06 
li B- This is consistent with the 0.96(4) /i# estimated 
from powder neutron diffraction^, and the spin-only 
value of the free Cu ion (1 hb)- (For most d-electron 
transition metal oxides the orbital momentum is ex- 
pected to be quenched.) 

There are also several published estimates for the ef- 
fective moment per Cu atom obtained from susceptibility 
measurements. Large discrepancies between these esti- 
mates, which vary between 1 \±b and 2.3 // ^ 13 i 17 i 29 , are 
probably due to the combined effects of a preferred [101] 
orientation of poly crystalline grains, and inappropriate 
fitting of the data to a Curie- Weiss law. High qual- 
ity single crystal Li2Cu02 susceptibility measurements 
clearly show that the Curie- Weiss regime (T>> J) does 
not commence until temperatures well in excess of 300 



V. MAGNETISATION DATA 

In order to investigate further the nature of the pos- 
sible canting in Li2Cu02, single-crystal magnetization 
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2 4 6 8 10 
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FIG. 7: (a) Li2Cu02 single-crystal susceptibility curves mea- 
sured in H=l kOe with H applied parallel to the a, b and c- 
axes. The crystal was warmed to room temperature and then 
zero- field-cooled (ZFC) between measurements. Each curve 
contains data obtained during warming (ZFC data) then cool- 
ing of the sample in field (FC data). In 1 kOe no low temper- 
ature magnetic transition is observed, (b) Li2Cu02 zero-field 
heat capacity data. Data in the temperature range of the pos- 
sible transition to the canted phase are shown in the inset. No 
anomaly in the heat capacity in the region of the transition 
is observed, (c) Integrated intensities of the (001) and (012) 
magnetic Bragg peaks measured on warming. 
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measurements were obtained between 1.6 and 50 K us- 
ing an Oxford Instruments vibrating sample magnetome- 
ter (VSM). The moderately moisture sensitive Li2Cu02 
crystals were polished to remove surface contamination 
and then oriented using X-ray Laue photography. By 
this method the orientation of the crystal axes relative to 
the applied field could be controlled to within ±5°. The 
magnetic properties of three separate crystal specimens 
weighing 38 mg, 154 mg, and 86 mg were investigated. 
The latter crystal was deliberately exposed to moisture 
in order to identify any magnetic impurities arising from 
surface decomposition; none were observed. 

Susceptibility curves obtained along the a, b and c- 
axes respectively, in an applied field of H=l kOe, are 
presented in figure Ufa). These results are in excellent 
agreement with previous reportsiffi. A sharp drop in the 
susceptibility associated with easy a-axis antiferromag- 
netic ordering is observed atTAr = 9±0.1K. Zero-field 
heat capacity data is presented in figure Efb). Special 
care was taken to follow the heat capacity in the vicinity 
of the expected low temperature transition, Efb) (inset). 
The integrated intensities of the (012) and (001) magnetic 
Bragg peaks are shown in figure life). None of the mea- 
surements presented in figure [3 show any visible anoma- 
lies in the low-temperature region between 2 and 4 K. 

VSM data obtained between 1.6<T<20 K in a weak 
field of H ~ 20 Oe are presented in figure |Hf a). We find 
that the response of the bulk crystal to a small applied 
magnetic field changes abruptly at approximately 2.6 K, 
producing a small ferromagnetic component in the di- 
rection of the field. Below 2.6 K a small ferromagnetic 
hysteresis was also observed along each of the measured 
directions, between -100< H <100 Oe, figure|Hfb). 

Although it is possible that the rise in magnetisation 
could be due to the ordering of a ferromagnetic impurity, 
the low temperature transition was consistently observed 
in all three of our samples, and has been reported previ- 
ously in powder susceptibility 17 and /iSR data 16 . Assum- 
ing that the observed transition is an intrinsic property 
of the crystal, we find that at ~ 2.6 K the Cu moments, 
the O moments, (or both), become free to cant toward 
the applied magnetic field. The observation of ferromag- 
netic hysteresis when H is parallel to the a-axis (figure 
Efb)), indicates that the moments may not be perfectly 
aligned along a, even above 2.6 K or in zero field. 




-100x10" 3 -50 50 100 

Field (kOe) 



FIG. 8: (a) Li2Cu02 susceptibility curves measured in H=20 
Oe along the a, b and c-axes. Between each measurement the 
sample was warmed to at least 20 K and then zero-field cooled 
(ZFC). Data was then collected during warming in a field of 
20 Oe (ZFC), and then on cooling in a field of 20 Oe (FC). 
The low-field data has been scaled to coincide with the data 
measured in H=l kOe (shown as lines), see fig. Ufa), (b) 
M-H loops obtained at 1.6 K, 3 K, 7.5 K and 12.6 K with H 
applied parallel to the a-axis. 



VI. DISCUSSION 

To conclude, we have performed detailed measure- 
ments of the magnetic form-factor of a single crystal of 
Li2Cu02 at 2 K. Patterson analysis of a complete set 
of unique reflections derived from the observed magnetic 
diffraction pattern reveals the presence of an effective 
oxygen moment, which appears to be large and well- 
localised. Least squares refinement of the magnetic struc- 
ture in conjunction with the spin-density Patterson anal- 
ysis reveals that the magnetization densities surrounding 



the Cu and O sites are strongly aspherical. The magni- 
tudes of the O and Cu moments remained approximately 
stable throughout our refinements. This allows us to es- 
timate that the magnitude of the O moment lies between 
0.10 ii b and 0.12 \±b- These O moments are coupled 
to Cu moments that are approximately 0.92 \±b - 0.96 
//b in size. Despite the magnitude of the oxygen mo- 
ment being substantially lower than that estimated by 
LSDA calculations 1 , our observations are otherwise in 
good qualitative agreement with LSDA predictions for 
the exchange potential of the FM chain. The size of 
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the oxygen moment computed using the quantum chem- 
ical 'difference dedicated configuration interaction' tech- 
nique for Li2Cu02 is closer to that measured in this 
experiment 5 . 

Although large covalency effects have been observed 
previously in structures such as K2lrClg£, reports of mo- 
ment formation in oxides are extremely rare. The oxygen 
moment in Li2Cu02 is one of the largest so far recorded, 
rivaled in size only by the 0.1 /i# moment suggested to 
reside on the oxygen sites in the ferromagnetic mangan- 
ite Lao.sSro^MnOs 30 . (In the polarized neutron study of 
the manganite an oxygen moment was identified, but at- 
tempts to refine its magnitude from the measured struc- 
ture factors proved unsuccessful.) In other examples of 
oxygen moment formation the transfer of moment from 
the magnetic ion to the oxygen site has been shown to 
be much smaller. For example, the only confirmed oxy- 
gen moment in a cuprate system is of 0.02 /i^ in the 
chain-ladder compound Lai4_ x Ca x Cu2404i— . 

Besides the discovery of the O moment in Li2Cu02, 
our observations also seem consistent with the notion of 
canting. A ferromagnetic-like rise in the magnetization of 
our single-crystal samples was verified by low-field (H = 
20 Oe) magnetization measurements to occur at T = 2.6 
± 0.2 K. However, since many possible configurations of 
canted Cu and O moments may be compatible within er- 
ror with the observed magnetic diffraction pattern, it is 
difficult to reach any reliable conclusions about the na- 
ture of the canting. Having restricted our refinements to 
antiferromagnetic canted configurations, our most suc- 
cessful model of the observed data consists of ~ 0.91 



/is Cu moments canted in the a-c plane at an angle of 
0=76° to the c-axis. Nearest neighboring 0.12 \±b O 
moments are ferromagnetically coupled to the Cu along 
a, but counter-canted at an angle of 0=116° from c, (see 
also figure EJ). 

Previous researchers 1 - have suggested that the Cu d yz 
and O Pa orbit als, which extend along the magnetic rib- 
bons, are energetically isolated and strongly hybridized. 
Covalency effects serve to polarize the neighboring oxy- 
gen ions, resulting in a large net transfer of the Cu mo- 
ment to the oxygen sites. In Li2Cu02 we find that the Cu 
moment is large and well separated from that of the Cu. 
Counter-canting of adjacent oxygen moments seems in- 
consistent with the idea of a purely polarization-induced 
oxygen magnetization, and it is possible that the true 
magnetic structure of Li2Cu02 may be frustrated, ferro- 
magnetically canted or more complicated than our pro- 
posed model. (A ferromagnetically canted configuration 
of moments would have contributed a slight intensity to 
the nuclear peaks and was therefore difficult to refine us- 
ing our existing data.) In order to determine the nature 
configuration of any canted phase with more confidence 
further experiments are required. 
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